Abstract Mesenchymal stem cells (MSCs) are known to have many notable features, especially their multiple differentiation ability and immunoregulatory capacity. MSCs are important stem cells in the bone marrow (BM), and their characteristics are affected by the BM microenvironment. However, effects of the BM microenvironment on the properties of MSCs are not well understood. In this study, we found that BM from aged mice decreased MSC colony formation. Flow cytometry data showed that the proportion of B220 + cells in BM from aged mice was significantly lower than that in BM from young mice, while the proportion of CD11b + , CD3 + , Gr-1 + , or F4/80 + cells are on the contrary. CD11b + , B220 + , and Ter119 + cells from aged mice were not the subsets that decreased MSC colony formation. We further demonstrated that both BM from aged mice and young mice exhibited similar effects on the proliferation of murine MSC cell line C3H10T1/2. However, when cocultured with BM from aged mice, C3H10T1/2 showed slower migration ability. In addition, we found that phosphorylation of JNK (c-Jun N-terminal kinases) in C3H10T1/2 cocultured with BM from aged mice was lower than that in C3H10T1/2 cocultured with BM from young mice. Collectively, our data revealed that BM from aged mice could decrease the migration of MSCs from their niche through regulating the JNK pathway.
Introduction
The bone marrow (BM) microenvironment is a complex environment constituted by stromal cells, the extracellular matrix, and a variety of soluble cytokines (Dazzi et al. 2006) , which provides the foundation for stem cell survival. Particularly, there are two important types of stem cells: hematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs) with the potential of both self-renewal and multiple differentiations (Prockop 1997; Bruder et al. 1997) . The degeneration and functional decline of cells, tissues, and organs that accompany aging are unavoidable. With the aging of the body, the BM microenvironment and HSCs and MSCs within the microenvironment are also senescent. However, most current studies focus on the relationship between HSCs and the BM microenvironment; thus, the BM microenvironment and HSC microenvironment are synonymous. Many studies have focused on the effect of the microenvironment on HSC aging and indicated that HSCs from older mice have a significantly lower cycling activity and a reduced lymphoid differentiation potential than those isolated from young mice (de Haan et al. 1997; Li et al. 2001; Donnini et al. 2007; Zhu et al. 2007) . Additionally, in the BM microenvironment, aged BM progenitors produce greater numbers of myeloid than lymphoid lineage cells as compared to young BM progenitors (Morrison et al. 1996; Sudo et al. 2000; Waterstrat and Van Zant 2009; Zediak et al. 2007 ). Min et al. found that the number of common lymphoid progenitors (CLPs), pro-B cells, and pre-B cells in BM from aged mice was significantly less than that in BM from young mice (Min et al. 2006) . However, the number of Gr1 + /CD11b + cells in BM from aged mice is higher than that in BM from young mice (Shao et al. 2011) . These studies indicate that aging is associated with intrinsic HSC changes as well as changes in the microenvironment.
MSCs are another important type of stem cell in the BM microenvironment. They can differentiate into osteoblasts, which help to regulate the hematopoietic stem cell niche (Calvi et al. 2003) . It follows that the MSC physical environment should be essentially identical with that of HSCs (Chen et al. 2012; Li et al. 2011 ). In addition, MSCs have the ability to self-renew and differentiate into multiple lineages, including osteogenic, adipogenic, and chondrogenic (Prockop 1997; Bruder et al. 1997) . Their relative ease of isolation from many tissues and rapid expansion in culture, coupled with their contribution to organ regeneration and overcoming certain diseases (D'Agostino et al. 2010; Mazzini et al. 2010; Loebinger et al. 2009 ), have made these cells an excellent candidate for a variety of research and therapeutic applications. Despite this, there are few studies regarding the effects of the BM microenvironment on MSC proliferation and migration. As we know, MSCs can migrate toward the region of tissue injury, partly due to the expressed chemokine receptors responding to high levels of chemokines at the site of tissue damage (Chen et al. 2011) . Then, will the microenvironment affect the mobilization of MSCs to migrate out of their niche? Which factors in BM from aged mice will restrain MSCs from migrating out from their niche? Whether these changes of the BM subset will affect mobilization of MSCs is still uncovered. Thus, in our study, we investigated the effect of BM from aged mice on the proliferation and migration of MSCs from their niche.
Materials and methods

Animals
Healthy young (3~4 weeks) and aged (8~18 months) C57BL/6 mice were obtained from the Laboratory Animal Center of the Academy of Military Medical Sciences of China (Beijing). Both female and male mice were included. All experiments were performed in accordance with the Academy of Military Medical Sciences Guide for Laboratory Animals.
Young and aged BM cocultured with bone fragments Approximately three to 4 weeks (young) and 81 8 months (aged) C57BL/6 mice were euthanized by cervical dislocation. Femurs and tibiae were carefully cleaned of adherent soft tissue, the epiphyses were removed using micro-dissecting scissors, and the marrow (BM Y , BM from young mice; BM A , BM from aged mice) was harvested by inserting a syringe needle (0.45 mm) into the bone marrow cavity and flushing with phosphate-buffered solution (PBS). The marrow was then homogenized and red blood cell lysis buffer (BD, Franklin L, NJ) added for 6 min, the cells then centrifuged for 10 min at 300 g and suspended in alphamodified minimal essential medium (α-MEM; Gibco, Carlsbad, CA) containing 10 % (vol/vol) lot-selected fetal bovine serum (FBS; ExCell Bio Shanghai, CHN) before seeding the marrow cell into a six-well cell culture plate. The bone marrow cavity was washed thoroughly by drawing and expelling PBS with a syringe until the bones became pale, and then the compact bones were excised into fragments of about 1~3 mm 2 using sterile scissors in 1.5-ml centrifuge tubes. The PBS was removed and the fragments suspended in 1 ml of α-MEM containing 10 % (vol/vol) FBS in the presence of 1 mg/ml (wt/vol) of collagenaseII (Gibco). The fragments were digested for 1~1.5 h in an incubator at 37°C. The digestion was stopped when the bone fragments become loosely attached to each other, digestion media and released cells were aspirated and discarded, then the bone fragments were washed three times with PBS, followed by incubation in α-MEM containing 10 % (vol/vol) FBS at 37°C in 5 % CO2. Colony (with more than 50 spindle-shaped cells) numbers of BM A group (BM from aged mice), B A group (bone from aged mice), and BM A +B A group (coculture of BM with bone from aged mice, direct contact) were compared; the colony number of (BM Proliferation and migration assays Murine MSC cell line C3H10T1/2 were seeded in the lower chamber of a 12-well plate at a density of 3×10 4 cells per well. BM Y and BM A were cultured (4×10 6 per well) in the transwell chamber (Corning Incorporated, USA) with 0.4-μm pores and incubated at 37°C in 5 % CO 2 . C3H10T1/2 proliferation was evaluated after 12, 24, and 36 h co-culture by counting cell numbers. The wound healing assay was performed to test the migration of C3H10T1/2 cocultured with BM Y and BM A . C3H10T1/2 were serum-starved (α-MEM containing 0.5 %FBS) for 8 h. Linear scratch wounds were made on the cell monolayers, and cell debris was removed by washing with PBS, and then fresh α-MEM containing 2 % FBS was added. BM Y and BM A were seeded into the upper chamber of the transwell with 0.4-μm pores. Pictures were taken under microscopy at approximately the same fields at selected time points (0, 10, 20 h). (Fig. 1a) . Next, we analyzed whether the MSC colony number from aged mice was less than that of young mice and compared collagenase-digested bone fragments from aged mice (B A ) and from young mice (B Y ), as shown in Fig. 1b , which was confirmed. As such, we unified the quantity and source of bone fragments, and compared the MSC colony number when BM A and BM Y were co-cultured with the same bone fragments. We found that BM A decreased the formation of MSC colonies (Fig. 1c) . Moreover, considering that this phenomenon may be related to the direct contact between bone marrow and bone fragments, we added the transwell to separate them for culture and found, as shown in Fig. 1d , that BM A decreased the formation of MSC colonies regardless of whether bone marrow and bone fragments were in direct or indirect contact. + cells, then co-cultured with bone fragments using a transwell. On the third day, the colony number of MSCs began to show differences (Fig. 3 ) and the number in the total BM group was the least (Fig. 4a) . On the sixth day, this difference was still there (Fig. 4b) . This result suggested that these three subsets (CD11b BMA decreased the migration of MSC cell line C3H10T1/2 compared with BMY We found that MSC colony numbers in the BM A plus bone fragments group was significantly less than that in the BM Y plus bone fragments group through our assays, which prompted us to take two aspects, proliferation and migration of MSCs, into consideration. In other words, BM A might decrease the proliferation or migration of MSCs. As shown in Fig. 5a , we did not find a difference in the proliferation capacity of C3H10T1/2 co-cultured with BM A or BM Y . As is well-known, MSCs have powerful healing capacity which has been reported by a multitude of studies. As such, we used a woundhealing test to investigate whether some cytokines in the bone marrow affected the migration of C3H10T1/2 and we observed cell movement in the direction of the wound under BM A and BM Y stimulation. Through microscopy, we found a slower migration of C3H10T1/2 undergoing BM A stimulation (Fig. 5b) .
The expression of p-p38, p-ERK1/2, and p-JNK on C3H10T1/2
To further study the signaling pathway involved in C3H10T1/2 stimulated with BM A and BM Y , we examined the change of the MAPK/ERK (mitogen-activated protein kinase/extracellular signal-regulated kinases) and Jun-N-terminal kinase (JNK) signaling pathway, which are not only important to regulate cell proliferation and apoptosis but also to regulate cell migration. Western blot analysis showed the phosphorylation levels of p38, JNK, and ERK1/2 were all increased with the stimulation, but only p-JNK in the BM Y group was higher than in the BM A group at 15, 30, and 60 min (Fig. 6 ).
Discussion
MSCs are one of the important stem cells in the microenvironment. They have the ability to self-renew, proliferate and support hematopoiesis. MSCs show great capacity to differentiate toward different lineages, such as osteoblasts, adipocytes, chondroblasts, etc. MSCs play an important role in wound healing. This involves migration of MSCs from the BM microenvironment to the damaged area. Indeed, it was shown that MSCs could migrate to many parts of the body, such as across the blood-brain barrier to the cerebral ischemia region (Chen et al. 2001) or to damaged myocardium (Devine et al. 2001) . Current studies are mostly based on MSCs' differentiation properties and exceptional repairing capacity (Veronesi et al. 2014 ), but few have reported the effects of the BM microenvironment on migration and proliferation of MSCs, which is the problem of MSCs originally moving out of the BM microenvironment.
In our study, we mainly discussed BM A and BM Y on migration and proliferation of MSCs. In our early assay of culturing MSCs using the bone marrow plus bone fragments method (Yang et al. 2013) , we found that the number of MSC colonies from aged mice, no matter female or male, was significantly less than that from young mice. Next, we compared the number of MSC colonies from aged and young mice using the bone fragments method and found that the number from aged mice was indeed less than from young mice, highlighting that the increasing age of the mice resulted in a reduction in MSC number. Thus, to unify the quantity and source of bone fragments, we cocultured BM A and BM Y with the same bone fragments, respectively, and found BM A decreased the formation of MSC colonies significantly. Furthermore, we used a transwell to separate BM and bone fragments and allowed the soluble molecules in BM affect bone fragments, the results of which demonstrated that soluble molecules played an important role in BM A decreasing MSC colony formation.
The flow cytometry results from BM revealed that the B220 + subsets had significant differences. Similar to earlier studies (Waterstrat and Van Zant. 2009; Zediak et al. 2007; Shao et al. 2011) , there were more myeloid lineage cells than lymphoid lineages cells in aged BM. Consequently, we sorted out B220 + , CD11b + , and Ter119 + cells which had greater differences and a higher proportion from BM A to coculture with the same bone fragments, respectively. Unfortunately, none of these played a role in the decreased formation of MSC colonies. Therefore, A co-cultured with bone fragments at day 6.*P < 0.05; **P<0.01. Data are shown from one of three repeated experiments further study is required to test which subset or cell matrix in BM A might have an impact. We supposed the effect of the BM microenvironment on the process of MSCs moving out from stem cell niche might be related to two aspects: proliferation and migration. However, proliferation assay did not show that BM A decreased the formation of MSC colonies, so we continued to explore the difference in migration.
A transwell chamber is a classic method to study cell migration. We chose a chamber with an 8-μm pore-size membrane to perform the migration assay and a 0.4-μm pore-size membrane for the wound-healing assay, as cells cannot cross a membrane with a pore-size of less than 3 μm. Both the migration (data not shown) and wound healing assays showed that the capacity of C3H10T1/2 was decreased under the stimulation of BM A . It is well known that SDF-1/CXCR4 plays a very important role in stem cell mobilizing and homing (Askari et al. 2003) , and our results showed that the expression of SDF-1 mRNA level in BM A was significantly lower than that in BM Y (data not shown), suggesting BM A was not conducive for the migration of MSCs. Additionally, we explored whether the MAPK/ERK signaling pathway was involved in the migration of MSCs affected by BM. The MAPK/ERK pathway has been shown to regulate a wide variety of cellular processes including cell survival, proliferation, and migration (Muslin 2008; Gao et al. 2009 ). There are three major components of MAPK/ERK and JNK pathways: ERK1/2, p38 MAPK, and JNK. We detected these three pathways by Western blot and found they were all activated. We did not find any significant difference in p-ERK and p-p38 between BM Fig. 6 Expression of p-p38, p-JNK, p-ERK1/2, and ERK1/2 was examined by Western blot. p38, JNK, and ERK1/2 pathways were all activated, but only p-JNK in the BM Y group was higher than in the BM A group at 15, 30, and 60 min. Data are shown from one of three repeated experiments in increased stress tolerance and extended life span in various organisms. Yuan et al reported that MSC migration was affected via JNK signal pathway (Yuan et al. 2013) .Whether the low p-JNK expression is directly related to the decreased effect of BM A on MSCs' migration merits further investigation.
Collectively, our study not only reveals a novel perspective about the effect of aged bone marrow environment on the proliferation and migration of MSCs but also provides some hints for better clinical utilization of MSCs.
